Abstract: Ultramafic xenoliths from Mont Briançon, Ray Pic and Puy Beaunit in the French Massif Central show variable mineral compositions that indicate a residual origin after various degrees of partial melting of a fertile peridotite. Furthermore, trace element and Sr-Nd isotopic variations of clinopyroxenes indicate mixing processes between depleted mantle and enriched components such as asthenospheric melt and silicate carbonatite melt. Pyroxene geothermometer and CO 2 geobarometer estimates are 860-1060 8C at 0.92-1.10 GPa for Mont Briançon, 930-980 8C at 0.89-1.04 GPa for Ray Pic and 840-940 8C at 0.59-0.71 GPa for Puy Beaunit. From south to north, the xenoliths show the following trends: (1) deeper to shallower origin; (2) more depleted mineral compositions, suggesting higher degrees of partial melting; and (3) more enriched isotopes and trace elements, indicating a mixing process with a silicate-rich carbonatite melt characterized by high H 2 O and K 2 O, possibly during Variscan subduction.
Cenozoic volcanism in the French Massif Central brought to the surface many peridotite and pyroxenite xenoliths that have been extensively studied in terms of petrography, trace elements and isotope chemistry. Coisy & Nicolas (1978) reported a dominance of porphyroclastic and mosaic (deformed) peridotite xenoliths in the centre of the Massif Central, and coarse-grained (weakly deformed or undeformed) xenoliths in marginal regions. Based on these observations, the authors suggested a diapiric rise of the upper mantle, causing crustal thinning in this region. Downes & Dupuy (1987) reported that the undeformed xenoliths had Sr-Nd isotopic ratios and rare earth element (REE) chondrite-normalized patterns similar to those of the source of mid-ocean ridge basalts (MORB), whereas the deformed xenoliths showed enriched signatures.
Based on petrographical observations, and the whole-rock major and trace element compositions of xenoliths, Lenoir et al. (2000) divided the subcontinental lithospheric mantle (SCLM) beneath the Massif Central into two distinct lithospheric domains, north and south of latitude 45830 0 N. The authors suggested that the compositional differences between the two domains could not be explained solely by the upwelling of a Cenozoic plume; instead, they proposed that the differences might indicate the existence of distinct lithospheric blocks assembled during the Variscan orogeny. These two different lithospheric domains can be distinguished based on seismic anisotropy (Babuska et al. 2002) . Downes et al. (2003) reported a difference in trace element and isotope compositional data between clinopyroxenes of xenoliths from the northern and southern domains.
Previous studies have described the relationships among the deformation textures, equilibration temperature and geochemistry of xenoliths from the southern domain (at Ray Pic and Borée: Zangana et al. 1997; Xu et al. 1998) . These studies ascribed the differences in equilibrium temperature to the depth of xenolith residence; therefore, variations in geochemical and isotopic compositions occur not only between the north and south domains, but also as a function of depth.
The Puy Beaunit xenoliths from the northern domain show secondary protogranular-equigranular textures with spherical spinel, and locally show a transition to charnockitic paragenesis with increasing silica content (Mercier & Nicolas 1975) . Clinopyroxene of the Puy Beaunit xenoliths is characterized by high Sr and low Nd isotopic compositions compared with those of other peridotite xenoliths from the French Massif Central (e.g. Downes & Dupuy 1987) . This isotopic character is similar to that of granulite xenoliths derived from the lower crust beneath the French Massif Central (e.g. Downes & Dupuy 1987) . The isotopic and textural signatures of the Puy Beaunit xenoliths are possibly the result of mechanical mixing (e.g. Mercier & Nicolas 1975; Downes & Dupuy 1987) associated with the intrusion of mantle lithologies into the lower crust or the accretion of such lithologies.
To confirm the existence of relationships between depth of residence and textural and geochemical variations within the xenoliths, we present new data on the major element compositions of minerals and glass, density of CO 2 fluid inclusions, trace element compositions of clinopyroxene and phlogopite, and Sr -Nd isotopic compositions of clinopyroxene within peridotite and pyroxenite xenoliths from Mont Briançon, Ray Pic and Puy Beaunit. We also discuss the pressuretemperature (P -T ) conditions and chemical characteristics of metasomatic agents, and the isotopic composition of the uppermost mantle beneath the Massif Central.
Geological background
The Massif Central forms part of the European Variscan belt (Fig. 1) , which is dominated by metamorphic and granitic rocks. This basement formed during the Variscan orogeny as a result of the collision between the European and African continental plates (Matte 1986) . The Massif Central is also the largest Cenozoic magmatic province in the Western European Rift System. From the Palaeocene to the Holocene, rifting and associated graben development occurred in association with basaltic magmatism. Michon & Merle (2001) divided the volcanism into three magmatic phases: the pre-rift, rift-related and major magmatic events. During the pre-rift event, scattered volcanoes located along the grabens effused magmas ranging in composition from melilitite to alkali basalt. During the rift-related event, alkalicnephelinitic volcanism was limited to the northern part of the Massif Central and areas close to the grabens. The major magmatic events occurred from 15 Ma to the Recent, and involved extensive subalkaline and alkaline volcanism. Most of the peridotite and pyroxenite xenoliths from the Massif Central are found within these magmas.
Texture of peridotite xenoliths
We analysed the geochemistry and isotopic compositions of six lherzolite xenoliths, one harzburgite xenolith and one pyroxenite xenolith collected from Mont Briançon (BR), Ray Pic (BU) and Puy Beaunit (BE, Fig. 1 ). Thin slabs (c. 100 mm) were made with samples and then doubly polished. Modal analysis (1500 points in each sample) revealed that samples BR1, BR3, BR4, BU4, BU5 and BE4 are spinel lherzolites, whereas BE11 is a spinel harzburgite and BE1 is an olivine websterite (Table 1) . The peridotite xenoliths from Mont Briançon and Ray Pic show a primary protogranular texture (Fig. 2a, b) , while the peridotite xenoliths from Puy Beaunit show a secondary protogranular texture (Fig. 2c) according to the nomenclature of Mercier & Nicolas (1975) . CO 2 fluid inclusions are abundant in most samples, and pyroxene generally contains more fluid inclusions than does olivine. The fluid inclusions occur in intracrystalline positions along planes and are of various types (e.g. negative crystal and small equant shapes: see Roedder 1984; Sapienza et al. 2005) .
The Mont Briançon and Ray Pic xenoliths contain coarse (up to 6 mm) kink-banded olivine and slightly smaller orthopyroxene (opx; up to 5 mm) grains showing curvilinear grain boundaries. With the exception of BR1 xenolith, lamellae of opx and tiny rectangular inclusions are commonly observed in clinopyroxene (cpx) grains (up to 3 mm in size). Spinel (up to 2 mm in size) generally has a vermicular shape and is typically in contact with pyroxene (Fig. 2c) . The BR1 xenolith displays holly-leaf -subhedral rounded spinel (up to 1 mm in size). The BR4 and BU5 xenoliths contain fewer CO 2 fluid inclusions than do the other samples.
In samples BE1 and BE4, both olivine and opx are up to 3 mm in size while cpx is smaller (up to 2 mm). Olivine shows kink-bands, and spinel occurs as round interstitial grains (0.1-0.7 mm) in sample BE4. Clinopyroxene grains of sample BE11 have spongy rims and contain tiny inclusions of spinel. Sample BE4 contains conspicuous patches of phlogopite associated with glass, olivine and spinel (Fig. 2d) . These patches are observed along a vein and are generally in contact with pyroxene grains (Fig. 2c) . Phlogopite is rounded in shape, and is surrounded by a glass pool that contains small crystals of olivine and spinel (Fig. 2d) . Wilson & Downes (1991) reported glass patches associated with amphibole and/or phlogopite in xenoliths from Puy Beaunit, Massif Central.
Sample preparation and analytical method
Major element compositions of minerals were measured from mounted and polished separates in epoxy resin using an energy dispersive X-ray spectrometer (EDS) attached to a scanning electron microscope housed at the Institute of Geothermal Sciences (I.G.S.), Kyoto University, in Beppu, Japan. The analysed area of minerals and glass was over a few mm 2 or 15 Â 20 mm 2 using a 0.5 nA Faraday cup current and an analysis time of 200 s. Na loss from silicic glass was minimized by analysing a larger area (.10 Â 10 mm 2 : Nakajima & Arima 1998; Varela et al. 1999) . Analysis of minerals and glasses using thin (c. 100 mm) slabs fails to produce a total of 100% oxides (70 -97% depending on thin slabs), although it gives a total of 100% for standard analyses. We did not find any explanation, and only guess that this failure is possibly caused by a poor electric connection in the aggregate samples.
Trace element compositions of cpx were analysed in situ on thin polished slabs (c. 100 mm) using a 266 nm UV Nd YAG laser (CETAC LSX 200) connected to a ThermoFisher X2 quadruple inductively coupled plasma mass spectrometer (Q-ICP-MS) system housed at the I.G.S. at Beppu. The count time for each spot was 120 s, and the size of the laser was 50, 100 or 150 mm, according to the concentration of the analysed element.
The laser frequency and energy were 6 Hz and 7.6 mJ cm
22
, respectively. Helium was used as a carrier gas to enhance the transport efficiency of the ablated material. The helium carrier gas was mixed with argon gas as a make-up gas before entering the ICP. The operating parameters for Q-ICP-MS analyses were as follows; nebulizer gas flow 0.81 l min 21 ; auxiliary gas flow 1.2 l min 21 ; plasma gas flow 1.4 l min 21 ; and ICP RF power 1400 W. The NIST610 glass standard was used to calibrate relative element sensitivities for the analyses and our analytical protocol consisted of analysing the standard glass at the beginning, middle and end of each 3-h measurement. We analysed Si as an internal reference isotope for data reduction. The NIST612 glass was analysed as an unknown, and typical analytical reproducibility and accuracy (RSD %) for elements analysed by laser-ICP-MS was 5-10% (but 15-20% for Rb and Gd).
To determine the depths of origin of the xenoliths we applied the micro-Raman densimeter following the procedure described by Yamamoto et al. (2002) . The xenoliths contained a large number of fluid inclusions of almost pure CO 2 ; indeed, the obtained Raman spectra showed no trace of components other than CO 2 . CO 2 fluid inclusions with negative crystal shape retain the internal pressure of fluid inclusions. If the density of the CO 2 is known, extrapolation of the isochore to the equilibrium temperature estimated using a mineral geothermometer enables estimation of the pressure of CO 2 at the time when the fluid inclusions were thermally equilibrated with the surrounding host mineral. For micro-Raman analyses, we selected CO 2 fluid inclusions with negative crystal shapes, located away from the crystal edge. Unpolarized Raman spectra of CO 2 fluid inclusions were collected using a Raman microscope (Kaiser HoloLab 5000 system) consisting of a 532 nm YAG laser (17 mW at each sample position), holographic transmission gratings and a 2048-pixel CCD detector over the spectral range from 291 to 4573 cm 21 , housed at the I.G.S., Kyoto University, in Beppu. An excitation laser beam was focused on spots 1 or 2 mm in diameter using a Â100 or Â50 objective lens, respectively. The accumulation time was typically 40 s. Raman spectra of CO 2 have two main peaks: v þ (1388 cm 21 ) and v 2 (1285 cm 21 ). The split (D) of the Fermi diad increases with increasing pressure (density) of CO 2 , as indicated by the polynomial equation that describes the relationship between split and density in the density range between 0.1 and 1.24 g cm 23 (Yamamoto & Kagi 2006) . Before undertaking measurements of unknown samples each day, we measured the Ḋ value of a standard fluid inclusion (D ¼ 104.686 cm 21 ) preserved in an olivine crystal from Ennokentiev, Far East Russia, the value of which was determined at the same time as the polynomial equation of Ḋ , and the density was determined by Yamamoto et al. (2002) . We therefore employed this Ḋ value as a standard, using it to normalize the data.
Clinopyroxene grains were separated by handpicking under a binocular microscope from crushed and sieved xenolith samples. The separated cpx was then cleaned with distilled 6 M HCl at 80 8C and rinsed three times with Milli-Q water. The final cpx separates were selected by careful hand-picking before being washed with distilled 6 M HCl and rinsed three times with Milli-Q water in a clean room. The acid-washed cpx was decomposed by HF þ HClO 4 , as described by Yokoyama et al. (1999) . Details of the employed analytical procedures, including chemical separation and mass spectrometry, can be found in Yoshikawa & Nakamura (1993) and Shibata & Yoshikawa (2004) Zangana et al. 1997; Touron et al. 2008) (Fig. 3a) . Spinel Cr-number (molar 100 Â Cr/(Cr þ Al)) and Mg-number range from 8 to 25 and from 78 to 83, respectively. These two values show a negative correlation (Fig. 3b ) consistent with the nature of compositional variations produced by partial melting and melt extraction (e.g. Dick & Bullen 1984; Hellebrand et al. 2001) .
Northern domain (Puy Beaunit)
The Abbreviations: L, spinel lherzolite; H, spinel harzburgite; ol.WEB, olivine websterite; ol, olivine; opx, orthopyroxene; cpx, clinopyroxene; sp, spinel; gl, glass; phl, phlogopite; total Fe as FeO T ; Fo, forsterite content of olivine; b.d.l., below detection limit; Mg-number ¼ molar (100 Â Mg/(Mg þ Fe 2þ )); Cr-number ¼ molar (100 Â Cr/(Cr þ Al)). FeO and Fe 2 O 3 calculated assuming a stoichiometric spinel. and the pyroxenite vary from 2.9 to 3.7 wt%, that is, within the range of values reported previously for northern peridotite xenoliths (1.9-5.8 wt%: Werling & Altherr 1997; Downes et al. 2003) (Fig. 3a) . The BE1 pyroxenite records the lowest Fo content (Fo 88 ) among the Puy Beaunit xenoliths.
Phlogopite-glass vein
Olivines within the phlogopite-glass vein of sample BE4 have higher Fo values (Fo 91 ) and higher CaO concentrations (0.18 wt%) than olivine within the host lherzolite (Fo 90 , 0.03 wt% CaO). Similar characteristics have been reported for olivine in glassy patches from peridotite xenoliths (e.g. Frey & Green 1974; Delpech et al. 2004) . Glass within the phlogopite-bearing vein of sample BE4 (Fig. 2c, d ) is a trachyandesitic in composition, according to data plotted on a total alkalis -silica (TAS) diagram ( Fig. 4a and Table 2 ). This glass and the previously reported glass associated with phlogopite from a Puy Beunit xenolith Data from the southern and northern domain xenoliths (Werling & Altherr 1997; Zangana et al. 1997; Touron et al. 2008) , Mont Briançon (Touron et al. 2008) and Puy Beaunit (Downes et al. 2003) are also shown. (1991) . Grey, empty and oblique hatched fields are the composition ranges of glasses observed in worldwide peridotite xenoliths related to carbonatite, K-silicate and supra-subduction setting metasomatism, respectively (Coltorti et al. 2000 (Coltorti et al. , 2007a . Dashed and solid lines are the boundaries for classifications of metasomatic agents between carbonatite and other metasomatism, and between K-and Na-silicate metasomatism, respectively (Coltorti et al. 2000) .
(Bt 22: Wilson & Downes 1991) plot into the field of carbonatite-and K-silicate-metasomatized glasses (as defined by Coltorti et al. 2000 Coltorti et al. , 2007a in a TAS diagram (Fig. 4a) and (Fig. 4b) . These observations suggest that the Puy Beaunit glasses are genetically related to silicate-rich carbonatite melt, although it is uncertain that the glass was formed directly from such melt. Based on mass-balance calculations using the major element compositions of glass and minerals of sample BE4, we obtained the following reaction in the SiO 2 -TiO 2 -Al 2 O 3 -Cr 2 O 3 -MgO -FeOCaO -Na 2 O-K 2 O system: ol, olivine; phl, phlogopite; sp, spinel; gl, glass) . We therefore propose that the destabilization of phlogopite and primary pyroxenes resulted in the formation of glass, secondary olivine and spinel.
The BE4 glass is characterized by a low Na 2 O concentration (1.05 wt%, Table 2 ), much lower than values reported previously for interstitial glass from peridotite xenoliths with or without phlogopite and/or amphibole, although the total alkali composition of the BE4 glass (10.06 wt%) is similar to that of the Bt22 glass (9.22 wt%; Fig. 4 and Wilson & Downes 1991) .
P -T conditions
The palaeogeothermal structure of regions has been discussed previously based on the equilibrium temperature and pressure obtained from ultramafic xenoliths (e.g. O'Reilly & Griffin 1985; Choi et al. 2005) . Many geothermometers are based on the composition of coexisting phases in ultramafic xenoliths (e.g. Wood & Banno 1973; Wells 1977; Bertrand & Mercier 1985; . In the present study we calculated equilibrium temperatures based on the chemical compositions of Ca-rich and Ca-poor pyroxenes, as described by Wells (1977) (T Wells ) and (T BK ). T BK is calculated assuming a pressure of 1.0 GPa. The temperatures calculated for the ultramafic xenoliths are as follows: 870 -1020 8C (T Wells ) and 860 -1060 8C (T BK ) for Mont Briançon; 930 8C (T Wells ) and 960 -980 8C (T BK ) for Ray Pic; and 840 -900 8C (T Wells ) and 840 -940 8C (T BK ) for Puy Beaunit (Table 3) .
Working in the French Massif Central, Werling & Altherr (1997) estimated P -T conditions by applying the two-pyroxene thermometer ) and the Ca-in-olivine barometer ) to ultramafic xenoliths from many localities: temperatures range from 700 to 1280 8C and pressures from 0.68 to 1.80 GPa. Use of the Ca-in-olivine geobarometer, however, involves three limitations: (1) the extrapolation of high-P (garnet stability field) experimental data to spinel-lherzolite and the insensitivity to pressure of Ca in olivine in the P-T stability field of spinel peridotite ; (2) the difficulty in obtaining high-precision analyses of Ca in olivine (Lee et al. 1996) ; and (3) the fact that the reliability of the barometer depends on the state of equilibrium in each sample because of the high diffusion velocity of Ca in olivine relative to that in pyroxene (Werling & Altherr 1997) . Depths at which ultramafic xenoliths were sampled by the host magma have previously been estimated based on the internal pressure of CO 2 fluid inclusions using microthermometry (e.g. Roedder 1983 Roedder , 1984 . Although this method is precise, it is difficult to make a reliable visual observation of the homogenization of biphase CO 2 fluid in small inclusions of ,5 mm in diameter . In the present samples most of the CO 2 fluid inclusions are around 5 mm or less in diameter; therefore, we applied Raman spectroscopic barometry as proposed by Yamamoto et al. (2002 Yamamoto et al. ( , 2007 . The uncertainty involved in density estimates was less than 0.1%, an indication of only a negligible effect on the estimated pressures and depths. The pressures calculated using T Wells and T BK are similar (Table 3) , with values ranging from 0.92 to 1.10 GPa for Mont Briançon, 0.89-1.04 GPa for Ray Pic and 0.59-0.71 GPa for Puy Beaunit. Depths were calculated based on a lithosphere density of 2.85 g cm
23
. The calculated depth ranges for Mont Briançon, Ray Pic and Puy Beaunit xenoliths are 33.3 -39.8, 32.1 -37.6 and 21.2 -25.6 km, respectively (Table 3) .
Most of the xenoliths analysed in this study were equilibrated within the spinel stability field (Fig. 5) . One Puy Beaunit xenolith (BE11) seems to have been equilibrated in the stability field of plagioclase peridotite; however, it lacks modal plagioclase. Its pressure was determined based on the density of CO 2 fluid inclusions in olivine, which yield a lower value than that obtained from similar inclusions in pyroxenes. This difference is attributed to rheological differences between minerals (Yamamoto et al. 2002 (Yamamoto et al. , 2007 . Decrepitation of CO 2 fluid inclusions in peridotite xenoliths (Roedder 1984; Sapienza et al. 2005) or CO 2 flushing from lithospheric mantle to lower crust (Santosh & Omori 2008) have been suggested as possible mechanisms of reducing CO 2 fluid density. It is possible to identify the partial loss of CO 2 by decrepitation based on observations of thin slabs T Wells (8C) Wells (1977) and , respectively. P Wells and P BK are pressures calculated using T Wells and T BK , respectively. Abbreviations: ol, olivine; opx, orthopyroxene; cpx, clinopyroxene.
(e.g. Yamamoto et al. 2002) . Any evidence of disturbance of CO 2 fluid density in the mantle by a geological event such as CO 2 flushing would be completely erased within several days, as fluid inclusions rapidly stretch in response to changing pressure and temperature (Yamamoto et al. 2002 (Yamamoto et al. , 2007 . The estimated temperatures are higher than those predicted by the conductive model at the depth of the Moho discontinuity (as proposed by Werling & Altherr 1997 ) and similar to the geotherm obtained from other continental peridotite xenoliths (Fig. 5) . Such elevated geotherms have previously been explained by heat transport associated with lithospheric thinning and the intrusion of dykes into the crust (e.g. O'Reilly & Griffin 1985) . (Fig. 6a and Table 4 ). The HREE contents are within a limited range (e.g. Yb N ¼ 4-5: Table 4 (2007) and Touron et al. (2008) . Trace element patterns of residual cpx after simple partial melting are expected to be depleted in LREEs and LILEs because of their highly incompatibility character. In addition, HREE content of cpx in residual peridotite decreases with increasing degree of partial melting (e.g. Johnson et al. 1990; Hellebrand et al. 2001) . The trace element characteristics of the southern domain xenoliths suggest that these xenoliths were residues left after the extraction of melts formed by low degrees of partial melting (Touron et al. 2008) . The cpx within the BR1 xenolith shows an enriched pattern (La N /Yb N ¼ 4), and is depleted in Rb, Ba and Nb. Its Yb content (Yb N ¼ 2; Table 4 ) is lower than that of cpx from the other Mont Briançon xenoliths, and its trace element pattern is similar to that of the amphibole and phlogopite-bearing lherzolite ML40 (La N / Yb N ¼ 4, Yb N ¼ 3) from Marais de Limagne, as reported by Touron et al. (2008) (Fig. 6a) . These features cannot be explained by simple partial melting and melt extraction; instead, they indicate that these cpx were affected by a LILEs and LREEs enrichment process, probably related to mantle metasomatism (e.g. Frey & Green 1974; Yoshikawa & Nakamura 2000) .
Northern domain (Puy Beaunit)
The cpx of Puy Beaunit xenoliths show extensive LREE-and LILE-enriched patterns (e.g. La N / Yb N ¼ 2-11), with depletion of Zr and Hf relative to low HREE content (Yb N , 3; Fig. 6b ). The BE1 and BE4 cpx show positive anomalies of Pb and Sr (Fig. 6a) . High Sr content of cpx from Puy Beaunit xenoliths has also been reported by Downes et al. (2003) . These features are different from those of cpx from the BR1 xenolith, indicating contrasting metasomatic agents. Depletion of Ba Pollack & Chapman (1977) . Geotherms for Qilin, eastern China from Xu et al. (1996) and for SE Australia from O' Reilly & Griffin (1985) are also shown. Facies boundaries for peridotite in the NaCa-Al-Mg-Al-Si system are after Gasparik (1987). in BE4 cpx probably reflects its strong affinity for phlogopite (e.g. Green 1994 ). Clinopyroxenes of BE1 and BE4 have trace element patterns similar to those of cpx with positive Pb anomalies (De Vries 2007) (grey field in Fig. 6b ) from the Puy Beaunit xenoliths. The BE11 cpx shows negative Sr and Pb anomalies, as also reported for BT36 pyroxenite from Puy Beaunit (De Vries 2007). (Table 5 and Fig. 7 Zangana et al. 1997; Touron et al. 2008) . In contrast, cpx of sample BR3 from Mont Briançon has a higher 143 Nd/ 144 Nd ratio than those reported previously for mantle cpx from the southern domain. This high Nd isotopic ratio may reflect the timeintegrated evolution of a residual cpx. The BR1 cpx, which shows an enriched trace element pattern, contains the most enriched isotopic signature among the southern domain xenoliths investigated in the present study. The least refractory of the investigated xenoliths from Mont Briançon is BR4, characterized by a spinel Cr-number of 9 and an olivine composition of Fo 90 . These values approach the compositions of the most fertile mantle (spinel Cr-number 8, Fo 88 ) reported by Arai (1987) , suggesting that this mantle domain was affected by a low degree of partial melting and melt extraction. BR4 also appears to be unmetasomatized ( 87 Sr/ 86 Sr ¼ 0.70217; no Pb and Sr anomalies in the trace element pattern, Fig. 5a ), making it an ideal sample to use in calculating a Nd model age of the depletion processes that accompanied the extraction of melts. (Michard et al. 1985) , we calculated a model age (relative to depleted mantle) of 330 Ma, consistent with the partial melting age (313-377 Ma) estimated based on Hf model ages from the northern domain xenoliths by Wittig et al. (2006) . This result indicates that xenoliths from both the northern and southern domains were affected by partial melting processes during the Variscan tectono-magmatic cycle.
Sr -Nd isotopic compositions of clinopyroxene

Southern domain (Mont Briançon and Ray Pic)
Northern domain (Puy Beaunit)
The cpx of peridotites and the pyroxenite with or without phlogopite from Puy Beaunit has a relatively enriched isotopic signature compared with those of other xenoliths from the northern and southern domains (Fig. 7) 
Discussion
Partial melting and melt extraction resulting in chemical variations of minerals
The obtained variations in the major element chemistry, trace element patterns and Sr -Nd isotopic compositions of cpx from the investigated mantle xenoliths are indicative of partial melting and melt extraction, as well as metasomatism. The Mg-and Cr-number of spinels increases with increasing depletion, whereas the Al 2 O 3 and HREE content of cpx decreases with increasing depletion (e.g. Dick & Bullen 1984; Hellebrand et al. 2001) . The negative correlation between Al 2 O 3 concentration and Mg-number for cpx, and the positive correlation between Mg-and Cr-number for spinels, within peridotite xenoliths from the French Massif Central (Fig. 3) suggest that the xenoliths are residues from various degrees of partial melting, as previously suggested by Downes et al. (2003) . Hellebrand et al. (2001) reported that HREE concentrations from cpx of abyssal peridotites show a strong correlation with the Cr-number of coexisting spinel, and proposed a factor that represents the degree of partial melting (F) based on HREE concentrations of cpx and an experimentally determined cpx -melt distribution coefficient for individual trace elements based on a fractional melting model. The authors obtained the equation Nd isotopic ratios of clinopyroxene within ultramafic xenoliths from the French Massif Central. Literature data for Ray Pic (Downes & Dupuy 1987; Zangana et al. 1997) , Mont Briançon (Downes & Dupuy 1987; Touron et al. 2008) , other northern domain (Downes et al. 2003) and Puy Beaunit (Downes & Dupuy 1987; Downes et al. 2003) xenoliths plotted with small symbols for comparison. Fields of Pacific MORB (Hofmann 1997) , EAR (European asthenospheric reservoir: Granet et al. 1995) and granulite of Massif Central (Downes 1984; Downes et al. 1990 ) are also shown.
by a logarithmic fit based on a plot of F v. Cr-number of spinel. This equation is applicable to samples with Cr-numbers ranging from 10 to 60 (Hellebrand et al. 2001) . We calculated F using the above equation, yielding values of ,10%, ,2% and 11 -16% for peridotite xenoliths from Mont Briançon, Ray Pic and Puy Beaunit, respectively. We also applied this equation to previously published data (Werling & Altherr 1997; Zangana et al. 1997) , obtaining F values of ,17% for the northern domain and ,18% for the southern domain. These results indicate that xenoliths from the French Massif Central represent residual mantle from which varying amounts of melt have been extracted. The range of F values obtained for the northern domain overlaps with that obtained for the southern domain; however, the F value calculated based on the average spinel Cr-number of xenoliths from the southern domain (c. 8%) is lower than that for xenoliths from the northern domain (c. 14%). We also calculated the Y and Yb abundances of residual peridotitic cpx in the spinel stability field using the fractional melting model of Johnson et al. (1990) , and plotted the results, together with measured data, in Figure 8 . This modelling requires less than 5% and 10% partial melting for the southern and northern domains, respectively. These F values are lower than those calculated based on the method of Crnumber in spinels. Perinelli et al. (2008) observed similar difference of F values between HREE contents of cpx and spinel methods in their study of Hyblean peridotite xenoliths and explained this difference in terms of slightly modified HREE contents of cpx by metasomatic process.
The above results are consistent with F values reported previously for xenoliths from the southern (,8%) and northern (,25%) domains based on the concentrations of Y and Yb within cpx, using the melting model of Norman (1998; see Downes et al. 2003) and based on the Lu -Hf systematics of cpx (Wittig et al. 2006) . However, the Sr-Nd isotopic ratios, as well as the LILE and LREE variations, observed in cpx from most of the Massif Central xenoliths cannot be explained solely in terms of partial melting and melt extraction, and time-integration thereafter; subsequent enrichment processes are required, as indicated in the previous studies (e.g. Downes & Dupuy 1987; Downes et al. 2003) .
Multiple metasomatic components
Previous petrographical and geochemical studies of ultramafic xenoliths from the Massif Central have proposed several metasomatic processes (e.g. Mercier & Nicolas 1975; Downes & Dupuy 1987; Zangana et al. 1997; Xu et al. 1998; Féménias et al. 2004 ). As mentioned above, the xenoliths display at least two distinct types of LILE and LREE enrichment, as indicated by the trace element patterns (Fig. 6) . We calculated the equilibrium melts with cpx based on analyses of LILEand LREE-enriched samples (BR1, BE1, BE4 and BE11: see Fig. 9 ), with the aim of evaluating the nature of the metasomatic component using the partition coefficients between cpx and melt (ChalotPrat & Boullier 1997). The melt calculated based on the cpx of BR1 has a trace element pattern similar to that of the primitive mafic magmas from the Massif Central (Fig. 9a) (Wilson & Patterson 2001) . Sr -Nd isotopic compositions of BR1 cpx plot near the European asthenospheric reservoir (EAR) field (Fig. 7) . The EAR was proposed as a common sublithospheric end member based on Pb -Nd isotopic data from primitive mafic volcanic rocks of the western and central European volcanic province (Granet et al. 1995) . This end member is considered to represent the isotopic composition of the mantle plume source beneath the European province (Granet et al. 1995) . Our calculation results and observations indicate that the metasomatic component of the southern domain is possibly an asthenospheric melt from the EAR.
The trace element patterns of modelled melts based on the cpx of Puy Beaunit xenoliths are generally consistent with those of glasses produced by carbonatite-and K-silicate-metasomatism (Fig. 9b) (Coltorti et al. 2000) . This result is consistent with previous observations based on compositions of major elements of glass within Puy Beaunit xenoliths (see the earlier section on 'Major element compositions of minerals'). Such a McDonough & Sun (1995) . The model melting curve of residual clinopyroxene after fractional melting in the spinel stability field presented by Johnson et al. (1990) is also shown. silicate-rich carbonatite metasomatism has been proposed for peridotite xenoliths from oceanic islands by Schiano et al. (1994) and Neumann et al. (2002) .
The simple partial melting and melt extraction generally result in a negative correlation between the Cr-number in spinel and modal % of cpx (Fig. 10) ; the Puy Beaunit xenoliths deviate from this trend, indicating an increase in the modal composition of cpx at a constant Cr-number. Similar increases in the modal composition of cpx have been reported for Ray Pic xenoliths containing cpx-rich patches (Zangana et al. 1997 ). An influx of carbonatite melt into peridotites and subsequent decarbonation reaction acts to consume opx and produce cpx and CO 2 -rich fluids (e.g. Yaxley et al. 1991) . These features of the trace element and modal composition data are not linked to the occurrence of phlogopite and glass but they do indicate, in combination with isotopic characteristics, that the Puy Beaunit xenoliths experienced modal metasomatism related to an isotopically-enriched silicate-rich carbonatite melt. Although the LILE and LREE enrichments, and HFSE depletion, of cpx of the Puy Beaunit xenoliths might suggest metasomatism by a fractionated fluid-melt from a host basanite and kimberlite (Moine et al. 2001; Grégoire et al. 2003) , the relatively high Sr and low Nd isotopic compositions of the cpx suggest that the metasomatic agents are not EAR-derived magmas.
Phlogopite from Puy Beaunit xenoliths has relatively low values of TiO 2 /(TiO 2 þ K 2 O þ Al 2 O 3 ) (,0.12: Wilson & Downes 1991) . This low-Ti character relative to phlogopite from other continental mantle xenoliths (.0.2: Arai & Ishimaru 2008) suggests the involvement of subductionrelated aqueous fluids (e.g. Downes et al. 2004; Arai & Ishimaru 2008) . The infiltration of fluid-rich silicate-rich melts, formed via a reaction between peridotite and basalt or carbonatite melts, has previously been proposed for explaining the formation of glass-bearing amphibole and/or phlogopite veins (e.g. Wulff-Pedersen et al. 1999; Moine et al. 2001) . These earlier studies noted pronounced Ti fractionation during interaction based on the observed occurrence of high-Ti/low-Si hydrous minerals in thick veins and low-Ti/high-Si hydrous minerals in thin veins. Such a fractionation process could generate the low-Ti phlogopites found in the Puy Beaunit xenoliths. In the case of amphibole, we identified a metasomatic agent based on Nb concentration rather than Ti, because variations in Nb concentration arising from percolating melt are less pronounced than variations in Ti (Coltorti al. 2007a, b) . The Nb content of phlogopite in sample BE4 is 8 ppm (Table 4) , clearly lower than that of veined phlogopite of intraplate xenoliths (15-180 ppm: Ionov et al. 1997; Coltorti et al. 2007a) and within the range of phlogopite generated by subduction-related mantle metasomatism; for example, the Finero peridotite complex and peridotite xenoliths from Papua New Guinea (0.43-55 ppm: Zanetti et al. 1999; Grégoire et al. 2001; Coltorti et al. 2007a) . These findings suggest that phlogopite within sample BE4 is likely to have formed as the result of metasomatism by a slabderived agent. The positive Sr and Pb anomalies observed in cpx from most Puy Beaunit xenoliths can be explained by the influence of a metasomatic agent derived from a subducting slab, as slabderived fluids are enriched in Sr and Pb relative to REEs (e.g. Kogiso et al. 1997; Shibata & Nakamura 1997) . Walter et al. (2008) indicated that traceelement-enriched carbonatite melt may form by a small degree of partial melting of subducted carbonated oceanic crust. Likewise mantle metasomatism via carbonated silicate melt derived from a subducting slab has also been proposed for xenoliths from Patagonia (Laurora et al. 2001 ) and the Finero complex, Italy (Morishita et al. 2003) . The trace element and isotopic signature of Puy Beaunit xenoliths may indicate modal metasomatism by a silicate-rich carbonatite melt derived from a subducted slab, with phlogopite produced by a fluid-and silicate-rich melt separated from the silicate-rich carbonatite melt. Previous studies have also inferred that the French Massif Central was situated within the mantle wedge in a Variscan subduction zone (Shaw et al. 1993; Pin & Paquette 1997) and that the mantle metasomatism was caused by a hydrous component enriched in LILEs and LREEs (northern French Massif Central: Féménias et al. 2003, 2004) , and by the partial melting of phosphatic sediments enriched in CaO, LILEs and LREEs (southern French Massif Central: Rosenbaum et al. 1997 ).
Mechanism of glass formation
Glass associated with phlogopite is found in xenoliths (including BE4) from Puy Beaunit (Wilson & Downes 1991) . In previous studies, the origin of silicate glasses in mantle xenoliths has largely been discussed using mineral compositions and petrography (e.g. Frey & Green 1974; Garcia & Presti 1987; Zinngrebe & Foley 1995) . Coltorti et al. (2000) reported the following two origins for such glasses: (1) reactions between primary minerals and an infiltrating agent in an open system; and (2) partial melting of peridotites with or without C-H-O fluids in a closed system (Draper & Green 1997 Downes 1984) ; therefore, infiltration of the host magma played no role in the formation of the glass-bearing vein. Alternative metasomatic agents include silica-undersaturated melt and silicaoversaturated melt-fluid (Ishimaru & Arai 2005) ; however, percolation of a silica-undersaturated melt is unlikely to have produced the vein because the glass-bearing vein from sample BE4 is devoid of secondary cpx, which is usually precipitated during the interaction between the silica-undersaturated melt and primary opx (e.g. Yaxley et al. 1991) . Infiltration of silica-saturated melt-fluid is also unlikely because the interaction between such a melt and peridotites results in the precipitation of opx or feldspar (e.g. Kepezhinskas et al. 1995; Arai & Kida 2000) , neither of which is observed in the glassbearing vein of sample BE4. The rounded shape of phlogopite, in combination with the mass-balance equation presented earlier (see the section 'Major element compositions of minerals'), suggests decompression melting of the phlogopite during eruption. Wilson & Downes (1991) suggested a mechanism of incongruent melting when explaining the formation of glasses associated with amphibole and/or phlogopite in xenoliths from the Massif Central. They also suggested that incongruent melting was possibly a result of extension-related decompression. We therefore conclude that formation of the phlogopite vein predated formation of the glass. Yaxley et al. (1997) reported that glass composition is related to the nature of the associated hydrous silicate phases. The extremely low Na concentration measured for the BE4 glass suggests the absence of amphibole at the time of glass formation.
Depth of origin of the investigated mantle xenoliths
Previous studies have examined the relationships between equilibration temperature, deformation textures and geochemistry of ultramafic xenoliths from a single volcanic vent at Ray Pic (Zangana et al. 1997) and Borée (Xu et al. 1998) in the French Massif Central. Zangana et al. (1997) reported that Ray Pic xenoliths show variations in texture from protogranular to porphyroclastic and equigranular, similar to the trends observed for other xenoliths from the Massif Central; in contrast, the Borée xenoliths show a predominant poikiloblastic texture (Xu et al. 1998) . Zangana et al. (1997) suggested that protogranular or protogranularporphyroclastic (undeformed) xenoliths record relatively high equilibration temperatures (.900 8C), and that cpx within such xenoliths is enriched in LREEs and Sr -Nd isotopic compositions; in contrast, porphyroclastic and equigranular (deformed) xenoliths record lower equilibration temperatures (,900 8C) and have depleted LREE and isotopic signatures (Fig. 11) . In contrast to the findings of Zangana et al. (1997) , our samples show no clear relationships between texture, temperature and isotopic composition.
The estimated range of depths recorded by the Mont Briançon, Ray Pic and Puy Beaunit xenoliths is 21.2 -39.8 km. In these areas, the thickness of the lithosphere is 50 -70 km, as estimated by seismic tomography (Sobolev et al. 1996) ; therefore, all of the xenoliths are derived from lithospheric mantle. The present-day depth of the Moho discontinuity beneath the Massif Central is 28 -29 km, as determined by seismological methods (Zeyen et al. 1997) ; accordingly, we suggest that xenoliths from the southern domain (Mont Briançon and Ray Pic) originated from the uppermost mantle, whereas the Puy Beaunit xenoliths originated from shallower depths.
A previous seismic-refraction study revealed that there is as much as 4 km of local crustal thinning beneath the western half of the Limagne graben (Zeyen et al. 1997) . Puy Beaunit is located close to this site of crustal thinning, suggesting that the xenoliths may have been derived from a region characterized by a relatively shallow Moho. Thus, we consider that the Puy Beaunit xenoliths originated from the vicinity of the Moho discontinuity, in a zone characterized by extreme and localized crustal thinning.
Based on geochemical and textural characteristics, previous studies also concluded that Puy Beaunit xenoliths originated from near the Moho discontinuity (e.g. Mercier & Nicolas 1975; Downes & Dupuy 1987; Féménias et al. 2003) . The depth estimates obtained in this study, based on the residual pressure of CO 2 fluid inclusions, strongly support these previous conclusions. The finding of a relationship between depth of origin and Sr -Nd isotopic composition for the investigated xenoliths (Fig. 12) suggests that, compared with deeper levels, the shallow mantle is isotopically enriched in silicate-rich carbonatite melt (Fig. 7) , depleted in mineral major elements, and characterized by enriched LILE and LREE patterns Nd of the French Massif Central xenoliths. Published data from Mont Briançon are reported with small symbols (Touron et al. 2008) . Ray Pic xenoliths (Zangana et al. 1997) are also shown (as compositional field) for comparison. ( Fig. 13) . The decreasing contribution of the silicate-rich carbonatite melt to greater mantle depths was influential in producing the observed chemical trends beneath the Massif Central.
Conclusions
The application of a Raman spectroscopic geobarometer and the two-pyroxene thermometer yield P-T conditions of 860-1060 8C at 0.92 -1.10 GPa (33.3-39.8 km depth) for ultramafic xenoliths from Mont Briançon, 930 -980 8C at 0.89-1.04 GPa (32.1 -37.6 km depth) for those from Ray Pic and 840 -940 8C at 0.59-0.71 GPa (21.2-25.6 km depth) for those from Puy Beaunit. The estimated geothermal gradient beneath the French Massif Central is steeper than that predicted by the conventional conductive model, thereby providing support for the occurrence of lithospheric thinning (Werling & Altherr 1997) .
The values of Cr-number in spinel, and the abundance of Y and Yb in cpx, from xenoliths from the French Massif Central indicate various degrees of partial melting. The mineral major element chemistry, and trace element and Sr -Nd isotopic compositions of cpx, within the BR4 xenolith from Mont Briançon (the least-depleted/unmetasomatized lherzolite) yield a depleted mantle (DM) Nd model age of 330 Ma. This finding is consistent with the partial melting age based on Hf model ages obtained by Wittig et al. (2006) , indicating that most mantle domains of the Massif Central were affected by tectono-magmatic processes during the Variscan orogenic cycle.
Trace element compositions of melt in equilibrium with cpx and Sr -Nd isotopic compositions of cpx, in combination with the modal compositional data, suggest the influence of two distinct metasomatic agents and styles: (1) cryptic metasomatism with a component related to the European asthenospheric reservoir (Granet et al. 1995) ; and (2) modal metasomatism involving a silicate-rich carbonatite melt related to the subducted slab. Overall, the relatively shallow mantle beneath the northern domain is depleted in major elements, and enriched in Sr-Nd isotopic compositions, LILEs and LREEs. These features reflect the metasomatism by a silicate-rich carbonatite melt. Relatively deep mantle beneath the southern domain consists of fertile peridotites and is isotopically depleted, reflecting metasomatism mainly by asthenospheric melts. 
